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PREFACE 


Thig memorandum is sot to be construed as a 
report gince its aniv function is to present a small 
portion of the work performed as part of NEL 
Probiern L4-4 ip hasic Navy Operations Research. 

The memorandum has been prepared in this 
torm because it is believed that thie information may 
be useful to others at NEL and to a few persons or 
activities outside NEL. 

Acknowledgment of assistance giver by 
R. B. Nebrich ir. in selecting and procuring Liquid 
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INTROBUCTION 


in the study of internal waves and associated phenomenxa, 


three methods of attack have been considered: theoretical analysis, 


model atudies, and field experiments. The purroge of this memorandurn 
is to discugs the reauits of some studies of the properties of liquids 
with regard to their ase in model studies. 7 This technical memoranduz 
is intended for use at NEL avd by a few persons ovtside the Laboratory. 
<= The two principal types of mode) studiece made or planned ara: 
‘a) a study of the internal wave system in a two-laver Liquid model, 
due to a moving body, (b) the determination cf the internal wave making 
dvag of a body moving in a two-layer liquid system. |! beth of these 
cases, dimensional analysis has been used to show that the expe ri-~ 
mental results can be scaled if two dimensionleas parameters, (arnong 
othevs!, p/p’. and F* = c#p /Apph, are kept conatant. Here, the 

pertinent liquid properties that navat be known are p . the dengrity 


of the lowex liquid layer, and Ap, thse difference between demasities of 


the two liquid layers, F = Froude sumber, 


cs gource (or body) 


velocity, g = accelezation due to gravity, h = upper layer thickness. 


Thus one of the principle properties of the liquide weed in 


the model studies is the density of the liquida. The difference in 
density appears explicitly, and this difference mgt be quite emalt 
-@, 001 gm/ em?}, Hence the densities must te measured very 


accurately, or elee a method that determires the difference in densities 


with adequate accuracy (~5%)} had to be developed; the latter war 
done, 

tm scaling an experiment, caxe must be taken that nothing 
peculiar to the model system is contrary to the hydrodynamic 
behaviour existing in the jarge scale, Ome such peculiarity is the 
property of interfacial eurface tension. The effect of this property 
on the velocity of propagation of intermal waves has beem etudied (see 
reference 1). |t was decided that interfacial surface tensions of 
greater than 1 dyne/cm could not be tolerated, Detergents were used 
to suppress interfacial surface tension, Methode were developed ta 
determine the ammount of suppression. 

'n addition to the above fluid characteristics, there area 
rumber of other fluid properties which had to be considered in the 
choice of a Muid pair. Some have to do with preserving the charrcter 
of the large acale hydrodynamic behavior, and some have to do with 
proposed methods of observation 

Viscosity should be low enough to make valid the assumption 
of inviscid behaviour. The difference im index of refraction ie 
important in optical methods for the viswalization of imternal waves, 
as are clarity and color. The role of diffusion (references d 3, in 
model studies has been studied. Thus, moderate immiscibility of 


the liquids is desirable, although in general a concommitant of a high 


degree of immiscibility is a high interfacial surface tension The 


Zs 


liquids had to be gafe, i,¢., noa-toxic and non-flarnmable, The 
Duids had to be available in large quantities at a reasonable price 
(quantities of 500 gal. and 1500 gal. were being considered for the 


Jarge model tank’ 


APPARATUS 


f 
Measurement of Ap, ©, and p 
Several methods of measuring density and density difference 


of the fluids were considered. Ome such method that was tried was 


a nS 


the uae of a commercial Westphal balance. The guaranteed accuracy 


of the balance wae wot eufficient far the neada of this experiment 


PE REE 


This was aise the case when available commercial pycnometers 


were tried. Both aluminum and glass types were used, however each 


Ap Ae SITY STO AIP 


coptained relatively small volumes and trouble was encountered from 
evaporation and in filling the containers precisely. More refined 
pycnometers and procedures for using them are discussed in 
reference 9, 

A more accurate method of detexmining the density of fluide 
‘and especially the difference in density of two fluids of almost equal 


density! is the raethod of hydrostatic weighing. The method involves 


Aiea nrtnrmnaspeer mentees rerts 


weighing a bob while smmerged in the one and then the other of the 
two liquids. <A thermally stable bob, whose weight in vseuumn, W_, 
and whose volume, ¥V, are known is required. Fox aceuracy, the 


buoyant effect of air must be taken inte account, 


LSP ne UN RR Rt 


Ra pte roe eueetrtr ae 


The weight of the bob 2a vecuum, W., cam be computed from 


£1} = ~ TY at 
Vj Wye kaw Zh 


where XK is the weight indicated-by the weights needed to obtain 
halguce, Ps is the dersity of air, and Py is the density of the lim our 
case, brass) weights. To determine V, the hob should be weighed 


in distitied watex, This corrected weight is 


Pi oo f aa ' 
2} Ww, ait ee) 


where X,, is the weight used. Now 


(4) 


im the fluid whose dengitw is p, the weight in the Mvidis 


s xX (h- Pay 
Q a 


and the density of the Muid ia 


{6) 


SimiUarty, p' for the fluid whose denaity in greatey than p 


be found 


BO NB = a cineca ee, 
¥ 

on 

(7) pt. pw Xp Xp'b (1 ~ Pa 


The factor (1 - % } can be veglected 
b 


The following describes a relatively easy way, which 
requires little apparatus, of applying the hydrostatic weighing method 
to measure density difference of two Nquide as a function of tempera- 
ture, Since the temperatuve range of interest included only typical 
room temperatcre variations, ne effort was made in controlling the 
Pgquid temperatures. The liquid temperature was allowed to follow 
the room temp=sratere and the only effort made was te accurately 
measure the resuitiog changes. Thus, these temperanires were at 
wasqual intervals. 

A glase bob from the commercial Westphal halance set 
was suspended by a fine wire in a glase cylinder containing the liquid 
wader teat. The weight of this bob in the fluid was measured with an 
analytical balance. The ternperature of the liquid was taken with a 
g’aes thermometer, calibrated to » 0. 02°C, before and after the 


weight reading. The iemperature associated with the weight of the 
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bob waa taken a8 the mean of these two ternperature readings Usual, 
these two valves were within 61°C, The liquid was well stirred with 
the thermometer and by moving the bob up and down. Thiz precess 
was repeated as the room temperature changed and thua a seriee of 
weight reacings ae + function of temperature for one liquid was found 
A smoorh curves wae thea drawn through these points, See figure } 

Thie entire procedure wae them vepeated for the second 
Ugquid, which gave # second sevies of weight veadings as a function 
of temperatures A smooth curve was alse fitted through these points 
See figure 2 

Equation 7 wae then used to raleniate the density differeace 
between the two liquids. The iaternolated valuern from the curves in 
figures h and 2 were used in thie equation, because for a particular 
celowation of dewerity difference, the values of X and X have to 

w 

rorrespond to the aame temperature These calculated values o} 
density diiference were then plotted in figure 4 as a function of 
temperature and a emooth curve fitted through them 

4 the work described iy the prewoue section, it was 
awkward te depend om the room temperature « bangse lk was mere 
desitabie to have temperature cantrat therefore, ata prescribed 
emperavure, changer density dittevence due te different additives 


tor intexfacia! tension redmetian) and different concestivations of the 


aame additive io the water phase could be determined, Te accomplish 


sible aaa Etat pe. a AN ee seca oa 


this, a cylindrical, constant temperature bath asserably which could 
actually be placed within the balance case waa exnployed. See 
figure 4, This assembly, supported by a riug stand, is carefully 
placed within the balance so as not to touch the balance pan or ite 
aupports, The constant temperature water for this bath assembiy 
was supplied from a commercial thermostat conirolled source with 
built in circulating pump. 

The bath assembly details ave shown in figure 5. The 
assembly, conetructed from coppes, -censists of a reracvable inner 
eylinder, F, placed in a double walled onter cylinder, BD. These 
two cylinders are separated by a water jacket, E. The double walled 
cylinder, D, carries the moving water from the thermostat controlled 
source after passing through the inlet tube, B, down and around a 17 


helical shaped baffle and then to the outlet tebe, CC. Thermal inen- 


ees ees 


lation is provided by rabber tubing, J. by covk, G, and by a 
removable Plexigias tep, A. The cebe, ©. is suspended by axppor: 
wire, K, iato the baeid, H, under teat 

Twe cabes were made for this bath assembiy, The firet 
euhe was made from fused quartz Quartz waa used as a mate rial 
because of its vary Jow coefficient of thermal expansion 


(e€ = 0.54% 10°5/°C.}, This cube which had a volume of approxi 


rately 8 cubic centirneters ware supported by a G. 904 inch stainiess 7 


atest wire. A small wire hook was glued to the quartz cube with 


~ 
$ 
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te et Sain wilt 


Armstrong A-lZ epoxy ceraent. The second cube that was used was 
made from aluminum and was approximately 33 cubic centimeters 
in volume, This cube was painted with “Laminar x-500" polyurethane 
paint for protection from the liguida to be tested, 

The following praceduve was used to find density difference 
The liquid under test was allowed to come to equilibrium at the 
desived tempevatuve while being stirred The Plexiglas top was 


put in place and then the assembly wae placed inside the balance 


case. The balance was zeroed and the support wire cor scted. The 


weight of the cube was then found, the support wire disconnected, 
and the haiance zero rechecked, After removing ihe assembly from 
the halance case, the temperaturs of the Miguid was rechecked. This 
procediusz as usually repeated two more times and the mean weight 
was used for calculations The weight of the cube in air, using the 
same support wire, was then found, Atter finding the mean weigh: 
of the cube in the second liquid at the same temperature, the devsity 
difference was caleviated using formula 7. 
interfacial Tension Measurement 

There ave rnany methods available for the measurement of 
suriace and interfacial tension. See references 4, 5, and 6 Static 
values can be abteined by the ring mathod (Du Nouy tengiometer), 
drop weight method, capillary height method, pendent drop method, 
wipple method, Seasite drops, film balances (vertical and herizontal), 
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and the maximum bubkts pressure method, The first five of these 
can be nged fox interfacial tensions as well as for surface tensions 
Dynamic values can be abtained by the oacillating jet and oscillating 
drop methods 

Both the ring and the capillary height methods were tried 
for measuring imterfacial tensions, However, both of these methods . 

| produced serious difficulties. These problems wil! not be diacussed 

here 

The drop weight mechoul4,5,6 . as used most often for 
interfacial temsien measurement, This method ia relatively easy 
and quick to ese and is capable of geod accuracy. The procedure 
conéists of forraing a drop of the more denee liquid into the lese 
dense phase from the tip of a glass tube See figure 6a. The drop 
is formed slowly and wili finally detach itself from the tip and faj) 


to the bottem of the container (gee figure 6b). Know!ng the volume 


of the drop, the density difference between phanes, and certain : 


ee 


conustanis, the interfacial tension may be determined The buret 

tube shown in figures 6a aad 65 holds the more dense liquid and aiso 
provides an easy way of measuring the vohume of the drop The 
inetant when the drop tears away from the tip provides a repeatable 
point fo take buret readings. A mean of several drops is taken if each 
drop volume is small, The drops must be formed at a very slow rate 


Usually a formation time of § to 10 minutes is slow enough |» 
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practice, a faster rate may be used in the initia 
if the vate is too large at the instant whem the drop fal 
y drop will be too large. Both the buret stopeock 
L 


re a 1 to obtakm th roner flow rate. Vibration 


muat be hept to a tninimaum ducing the last stages 


af drop foxroation, Im order to provide a constant temperatures, 


the same bath assembly which wae discussed cavlier, was aleo 
uged here, 
The tip must be caratully mada 


weed as a material hecmuse of ite wetting characterigti: 


respect to the two liquid phases As shown in figure Ga 


hus forms from the onteirde diameter 
he tip was ground with the aid of a drill 
prees and emory ctath, After prinuding the hottom and sides of 


the tip smooth, the outside diameter af the end oi 


radius 
These values of £, ranging from 
t the dvap 


23 a function af vir3 


Thus, the interfacial tension is calculated frorn the 


iolhowing formula: 


(8) Ts Mgflo =) , 
r 


where I = Interfacial tension ‘dynes/cm), 
3 
VV = Volame of drop {crm j, 
p ~ Po Density difference between liquids ohtaimed from 
hydrostatic weighing method (gme/ em>), 


g = Acceleration due ta gravity {crn /aec*}, 


Radiue of tip (cm), 


be | 
tk 


f= Coxrection factor, given ag a function of 4 


heeuits aoe Brzere 

Many results have been obtained with liquids such as 
bepzena, several plasticizers and insulating oil, Additives to the 
water phase have included wetting agents auch as Naconnel NR, 
Aerosal OT, sedium hydroxide, Umox, Firewater, and Aleonmex A 
few typical results are shown in Table 1. Here the top and bottom 
liquids are shown, along with the temperature and the resulting density 
difference aad interfacial tension. Seme of the results that can be 
plotted are showr im figures 3, 7, amd 8 In both figures 3 and 7 
the density difference as a function of temperatures is shown while in 


figure 7, the interfaciai tension is also plotred as a function of 


i) 


he 


temperature, in figure 8, hoth the density diffecence and tha 
interfacial teusiow are plotted va, the % of aohute added to the water 
Phase at 25°C, 

Water at wa temperatures was voed to check the hydrostatic 
weighing method. The difference in censity of the water at the two 
temperatures can be found fram tables (reference 10) and compared 
with the experimental reenlt, A five degree centigrade charge 


produces a change iv density of approximately one pazt ger thousand 


This procedure was tried twice with the foliowing results, 
Trial Measured Ao £0 Frorm VYablea % wevow 
lgm/om>} (gm {crs} 


i 8 88123 0 Bole4 3.3 


é 9. 69108 6, 00116 6,8 


These errors probably resulted from temperature 
instability. bubbles forming on the cube and support wire. acd 
liquid clinging to the wire. Errore due te a change in buoyancy of 
the 0,904 icch support wire are below the readability of the balance 
{0.95 mgi if the wive ia aubmerged to the sarne level within « 2 mm. 


Hace Uiguid will exert a downward force on the evpport 


wire due to its surface tension. Li the difference in curface tension 


between the two liquids (each measured againet air) is less than 


12 


one dyne per cm., the reculiing errers will be less than the 
readability of the balance, 

Ervors in the drop weighi interfacial tension method were 
mainly due te the volume measurement of the drops. For the 
smailer drops, a micre syringe could be used to give more accurate 


volume readings. The apparatus waa checked by finding the surface 


tension of distilled water against air. 4 0,3% error resulted as 
| 
iq 
compared with accepted standard values. The estimated probable | 


exror in the interfacial tension measurements of figure 7 is + 3%. 


Discussion 


The change in density difference between the two liguide 
g 3 +} 


kl a a al i ca 


with reapect to temperature can he relatively large. For exampie, 
im figure 7, the slope of the straight line drawn through the points 
is 0, 00060 gm per cm” per °C. This agrees well with a calculated 


value of G, 0006! gins per cm? per “C based on the coefficients of 


mot A i Al tle ca gaa 


thermal expansion of the plasticizer (given by manwacturer) and 
of pure water (the coefiicient of expansion af the Alconox solution 
was assumed fc be the same asa for pure water). 
This means, in practice, that if small initial values of 
density Wifference are desired in the rocdel tanks, it may be 
necessary to provide some roorm temperature control. If the 
ternperature was lowered, the density difference would also go down H 


and could actually reach sera, causing ioetability and possible 
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averturning of the iayera, With the low interfacial tension involved, 


emulsification would prohably take place, 


This wonld not he the only cause fer ernulsions in sich two 


layer ayeterns, As discussed in reference 6, “spontaneous exiuleiti- 


cation’ can occur. Thia ie rot due to any external agitation, As 


one case was deacrihed in the above raference, “,....., Mé the ob) is 


laced anietiv on the water, the interfacisl region gradualiv hecomes 
g & 


cloudy due to epontanenusly formed emulsion,” Theee emulsions 


also quicily “‘strearn" from the interfacial regien (sometimes celled 


“stranding'), This stranding has been observed extending downward 


from the Delex |} plasticizer <- Alconox interface in ene of the model 


tank experimente. In three ox fous dave the Alconex layer became 
unifermly cloudy. 


The regulting interfacial tensions were quite covatant with 


respect to termperature ag shown in figure 7, 


Some revisions would be in order jor fuimre work Retcer 
volume measurement of the emall drops could ezsily be dane by 
using a micro syringe, 
Another method thai has not been tried as yet would emable 


one to find both density difference and interfacial tension ‘simul - 


tanecusiy"' 


To this method, the drop weight procedurs woud be 


oped as usual except that the drop after detachment would be canght 


and weighed on @ pan suepended in the second fiuid. In this manner 


14 


the drop would serve as a "bob" and the deneity difference of the 
two liguids could be computed simply by dividing thiz weight of the 


drop (ju the second fluid) by the volume of the drop. 


Table 1 =~ Typical Density Difference (p' - p) and interfacial Tension 
‘Y) Results, 1, Benzene 
Pure water 
GP233 Plasticiver 
“Adipol," Di-iso~butyl Adipate Plasticizer 
"Delex 1, Di-Butdy-Ethyl -Adipate 
Plasticizer ie 
1. 0% by weight NaQH solution 
1, 0% by velume "Unox" solution 
10% by volume “‘Unox" solution 
1, 0% "Firewater" solution 
0,1% by weight Naconncl NR selvtion 


Ter Bottom Temp, Rexsity Difference interfacial Tension 
Liquid Liquid (°C) (gras fom} idynes /cm| 


i 2 19.9 0.1181 33.6 
3 2 23.8 G, G767 
2 , 0. G56% 
0, 0042 
0. 6064 
0. 0144 
0. 0056 


0, 0049 


2. 
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